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Abstract

A comprehensive program, sponsored by NASA-
LeRC during the past several years, has provided the
technology groundwork for application of FLOX/methane
propellants to pump-fed rocket engines. Injectors have
been developed utilizing liquid oxidizer/gaseous fuel.
Regeneratively cooled thrust chambers have been de-
signed, fabricated, and tested. Altitude performance
data has been obtained with high expansion ratio nozzles.
Optimum turbopump drive cycles and turbomachinery
arrangements have been selected. Turbomachinery and
valve critical design criteria have been obtained through
experimental work on bearings, seals, and shutoff
valves operating in fluorine. This paper summarizes
the results of the above programs.

Introduction

For the past several years, NASA has been spon-
soring, through the Office of Advanced Research and
Technology, an extensive program to advance the tech~
nology of space storable propellants. The definition of
this class of propellants, the justification for investi-
gating them, and the delineation of the types of missions
for which they are applicable have been discussed at
length by previous authors. @,2,3) Summarizing these
briefly, space storable propellants are intended for use
in deep space missions where a sizeable velocity change
is required for a spacecraft after a long space coast of
perhaps 1 to 4 years. The principal attributes required
to satisfy this requirement are that the propellants can
be easily stored in space for long periods of time and
have high performance. Other desirable attributes of
these propellants include high bulk density, hypergolic
ignition, overlapping or contiguous liquid ranges of the
fuel and oxidizer, and the ability of one of the propel-
lants to serve as a coolant for the thrust chamber.

Early studies of the various competing propellant com~-
binations within this class, which includes OF5-BgHg
and FLOX/light hydrocarbon fuels, indicated that FLOX/
methane best satisfied all of the above requirements,
and the Lewis Research Center program has recently
concentrated efforts on this combination.

Selection of Operating Conditions

Recent mission studies(3:4) have described a va-
riety of planetary probe missions for which the space
storable propellant combinations are well suited. For
these missions, the optimum engine thrust levels were
in the range from 2000 to 8000 Ib. With this in mind,

a thrust level of 5000 1b was chosen for the Lewis’
FLOX-methane program as being a representative value
that is appropriate for real applications. This thrust
level was also deemed to be a reasonable size at which

to evaluate problems that are typical of engines of the
above thrust range. The question of pump-fed versus
pressure-fed engines was also considered and, in fact,
the Lewis program has encompassed work applicable to
both types of engines. The program initially was aimed
principally at pressure-fed engines. Later, emphasis
was shifted more to pump-fed engines when it became
evident that pump-fed engines of this size range using
these propellants were entirely feasible. Also, they
provide smaller, lighter weight, higher performance
engines. This decision was also based on the fact that
methane is a good supercritical coolant for use in re-
generative thrust chambers and has excellent charac-
teristics as a turbine working fluid.

~ The advantages of regenerative cooling of recket
thrust chambers are well known throughout the industry.
This cooling method involves no performance losses,
as with film or transpiration cooling, is not short life
limited, like ablation cooling, and provides a chamber
with cool outer walls, as opposed to radiation cooling.
The use of regenerative cooling for small engines
(either pump-fed or pressure-fed), and particularly
those using high energy propellants, has been limited
due to the pressure drop required, the high heat flux
levels encountered, and problems associated with boil-
ing of the coolant for low chamber pressure engines
where coolant pressures were below critical pressure.

Because of these potential limitations, the use of
regenerative cooling for small, pump-fed regeneratively
cooled FLOX/methane engines was studied in detail to
determine the ranges of thrust and chamber pressure
within which it was applicable. (5,6,7,8) These studies
considered the effects of wall temperature, wall ma-
terial, mixture ratio, nozzle area ratio, and the percent
of theoretically predicted heat flux which the chamber
would actually encounter. This latter factor is influ-
enced by the injector design and the amount of carbon
deposition occurring on the hot side chamber walls.

The studies also took into account the practical limita-
tions associated with fabrication of a thrust chamber,
such as the minimum size coolant channels that can be
fabricated successfully and the variations in height and
width of these channels along the length of the chamber.

The results of the analysis of regenerative cooling
limits indicated that operation at chamber pressures
up to 1000 psia was technically feasible. Selection of a
high chamber pressure is desirable to provide a small
engine envelope, particularly for an upper stage engine
of this type where the use of a large expansion ratio
nozzle is desired to obtain high delivered specific im-
pulse. A chamber pressure of 500 psia was :elected as
a nominal design point value. Selection of this value
alleviates potential heat transfer and chamber fabrica-
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tion problems that would accrue from use of a higher
chamber pressure and provides room for engine thrust
‘uprating.

Once the major engine characteristics had been
selected, the Lewis FLOX/methane program was con-
figured to provide the technology groundwork for the
various appropriate engine components. In this paper,
the results of the program in the areas of gas/liquid in~
jectors, regenerative thrust chambers, turbopump drive
cycle analysis, turbomachinery, and valves will be pre-
sented. The application of this technology to a space
storable research engine and a FLOX/methane propul-
sion module will be discussed. Table 1 summarizes the
nominal operating conditions for a pump-fed, FLOX/
methane engine about which the program has been fo-
cused.

Injectors

In designing injectors for FLOX/methane propel-
lants, it is particularly important to obtain good mixing
and uniform mass and mixture ratio distribution. These
requirements are imposed because the optimum per-
formance mixture ratio (5.75) is also the stoichiometric
mixture ratio and because the performance versus mix-
ture ratio curves peak sharply. For the engine charac-
teristics listed in Table 1, the methane fuel passes
through the regenerative thrust chamber before entering
the injector. Theoretical calculations predicted fuel
temperatures of approximately 800° to 1000° F at the
outlet of the regenerative chamber, depending upon the
magnitude of the heat reduction factor Qm/Qp, Injector
designs were, therefore, based on gaseous fuel at this
temperature level. The oxidizer would be a cryogenic
liquid entering the injector. Test facilities were set up
to perform injector tests with both water-cooled thrust
chambers and regenerative thrust chambers. For the
water-cooled chamber testing, heat exchangers were
used to heat the methane fuel, prior to routing it fo the
injector, thereby simulating the regeneratively cooled
case.

A variety of injector element types have been de-
signed and tested including concentric tube, pentad
(4 oxidizer on 1 fuel), and triplet designs. (8,9,10,11)
From these tests, the concentric tube injector has
emerged as the most desirable from the standpoints of
high performance, good durability, combustion stability,
and provision of low chamber heat transfer rates. A
typical FLOX/methane concentric tube injector design
is shown in Fig. 1.(*12) 1n this particular design,
the oxidizer spud plate was constructed of nickel because
of its high thermal conductivity and good fluorine com-
patibility. Hydraulic swirler caps were used to impart
a strong vortex flow in the oxidizer tubes, causing the
oxidizer flow leaving the tube to form a hollow cone
spray. This injector has been tested with a solid copper
faceplate and porous Rigimesh face plates of two dif--
ferent porosities (40- and 100-scfm). In this particular
design, the fuel is directed inward to impinge with the
oxidizer spray to promote rapid atomization and mixing.
Concentricity of the fuel annulus with the oxidizer post
is maintained oy the use of small spacers.

- 2.0 percent.

A variation of the concentric tube design, shown in
Fig. 2, is the scarfed-element injector. In this
design, the two outer rows of elements have the oxidizer
tubes protruding from the face and cut off at an angle
(scarfed). This causes the oxidizer spray cone to be
bent slightly inward away from the thrust chamber wall.
Fig. 3 shows a comparison of the spray from scarfed
and unscarfed elements illustrating how the spray is
directed inward. The specific purpose of this design
was to reduce the thrust chamber heat flux in the cham~
ber region while maintaining high C* efficiency. In
this design, a composite Rigimesh face plate, having
high porosity in the outer ring (100 scfm) and low porosity
in the center core (40 scfm), was used. The purpose of
this design was to provide additional injector face cooling
and a slightly lower mixture ratio in the outer periphery
of the chamber. The fuel was injected parallel to the
oxidizer tubes rather than impinging.

The performance of these particular injector designs
is shown in Fig. 4, in which characteristic velocity
(C*) efficiency is presented as a function of mixture
ratio. This data was obtained with cylindrical cooled
thrust chambers having a characteristic length (L*) of
52 in. and a contraction ratio of 4. Data obtained with
an L* of 30 in. showed a drop in performance of 1.5 to
Comparing the performance of the concen-
tric tube injector with the 100~scfm face plate and the
40~scfm face plate shows a drop in performance of
about 1 percent with the higher porosity Rigimesh.
The scarfed-element injector provided comparable
performance to the concentric tube injector with the
100-scfm face plate. This C* data was corrected
for propellant inlet temperatures and chamber heat
transfer to nominal conditions for a regeneratively
cooled engine using liquid propellants.

High C* efficiencies (above 97 percent) have been
obtained in other testing with both fixed thrust and
throttling injectors of the concentric tube type, which
are shown in Fig. 5. 13) Fig. 5(a) is a concentric tube
fixed thrust design which utilized swirler caps for the
oxidizer, slightly recessed stainless steel oxidizer
tubes, and a solid copper face plate. Two throttling
injector designs are also shown, a heat exchanger type
(Fig. 5(b)) and a recessed post design (Fig. 5(c)). The
heat exchanger type is designed to gasify the oxidizer
by éxchanging heat with the warm fuel. The oxidizer
swirler and relatively long tube are designed for this
purpose. When throttled, this injector is designed to
provide higher oxidizer pressure drop than would result
if the oxidizer remained as a liquid. The recessed post
throttling injector is also designed to maintain high
oxidizer pressure drop as flow is reduced. As flow is
throttled, the hydraulic pressure drop due to the re-
strictor decreases rapidly (as the square of the flow),
but the pressure drop due to combustion in the "'cup"
region increases because of increased mixing.

Testing of these injectors is still in progress and
consequently, the results are not yet available. Pre-
liminary indications are that recessing the oxidizer -
post an amount equal fo the oxidizer tube diameter was



not sufficient to provide stable combustion and high per-
formance down to 50 psia chamber pressure. Chugging
instability, which occurred at low chamber pressures
was thought to be due to partial vaporization of the oxi-
dizer. Additional testing is planned to further evaluate
“this injector.

The injector designs previously discussed represent
the best designs from the standpoints of performance,
durability, and ability to provide acceptablé chamber
heat transfer conditions. A variety of other injector
types were also tested with less favorable results in
these areas. Through this injector test program, the
aforementioned difficulty of obtaining high performance
with these propellants became evident. Other injector
oriented programs were, therefore, initiated with the
objective of pursuing a more fundamental approach to
injector design.(14,15,16) ) these programs, an effort
has been made to obtain a full understanding of the fac~
tors that contribute to combustion performance losses.
In these programs, cold flow tests have been made with
simulated gas-liquid and liquid-liquid propellants to
determine the effects of injector design variables on the
propellant mass and mixture ratio distribution and drop-
let size distribution. Apparatus was set up initially for
evaluation of liquid-liquid propellant injector elements
in which the simulated propellant flows (water and tri-
chlorethylene) were collected. Fig. 6 shows the spray
collector grid and shutter arrangement used for these
tests. Evaluation of this data provided the mass and
mixture ratio distribution of the various injector ele-

ment types as functions of design and operating variables.

Subsequently, the apparatus was modified for simulated
gas-liquid cold flows wherein the simulants were sprayed
into a pressurized enclosure and the spray sampled with
a moveable probe to determine the distribution of both
the fuel and oxidizer. These tests are still in progress.
and the results are not yet available. '

The droplet size distribution for the same element
types was obtained by the use of a hot wax flow test
apparatus. In these tests, molten wax is used as the
liquid propellant simulant. This is flowed through typ-
ical injector elements, the spray frozen and collected,
and the resultant wax globules sieved to determine the
size distribution. These results are correlated with
analytical predictions and results of previous experi-
menters to verify the data. This work utilized identical
apparatus and procedures as reported in Ref, 39.

For a typical injector element type, such as the
concentric tube injector, data may be obtained on the
expected propellant mass and mixture ratio distribution
and droplet size distribution from cold flow tests and
hot wax flow tests, respectively. From this data, the
performance of the injector may be analytically pre-
dicted considering that all of the combustion losses will
be caused by either lack of propellant vaporization or
maldistribution of the propellants. (15) Using these
techniques, the concentric tube injector design, for
example, may be optimized with respect to velocity
ratios, recessing of the oxidizer post, or the swirler
design prior to hot firing tests with reasonable assur-
ance that the predicted performance will be realized.

Thrust Chamber Cooling

Typically, in the design of regeneratively cooled
rocket thrust chambers, it is necessary to know the heat
flux levels along the chamber length produced by a par-
ticular injector/chamber combination. This is particu~
larly true for high performance engines where heat flux
levels are high and thrust chamber designs, therefore,
more critical. If the heat flux levels can be reduced,
for example, by injector design changes, the chamber
can generally be cooled more easily with less coolant
pressure drop, larger coolant flow passages, lower
coolant discharge temperatures, or lower wall temper-
atures. These factors contribute to a more durable and
higher performing engine.

In conjunction with the injector evaluations discussed
in the previous section, data was obtained on thrust
chamber heat transfer by the use of water-cooled cham-
bers.(9’ 12, This data was obtained for use in the
design of regeneratively cooled chambers and to deter-
mine the actual heat flux levels with carbon deposition
on the chamber walls compared to those analytically
predicted for clean walls. A typical water-cooled thrust
chamber assembly is shown in Fig. 7. The water-
cooled chambers were designed for the operating con-
ditions given in Table 1. The coolant passages were
arranged to provide data on axial and circumferential
heat flux profiles. Data was obtained with these cham-
bers at chamber pressures from 50 psia to 900 psia and

_ for mixture ratios from 4.0 to 6.0.

The overall heat transfer data obtained with the
concentric tube injectors shown in Figs. 1 and 2 is
presented in Fig. 8 as a function of mixture ratio. This
data is for the complete thrust chamber including the
nozzle with an expansion area ratio of 60:1. Consid-
eration of the two upper curves indicates that the heat
transfer was reduced markedly by the use of the more
porous 100 scfm face plate as compared to the 40 scfm
face plate. However, the performance data shown in
Fig. 4 for these injectors shows that the 100 scfm face
plate injector was also lower in performance. The
scarfed element injector provided a further reduction in
heat transfer and equivalent performance to the concen-
tric tube injector with the 100-scfm face plate. These
results show the value in the scarfed element injector
design of directing the outer oxidizer sprays away from
the chamber wall and of using the composite Rigimesh
face plate with the more porous region near the wall.
They also show the sizeable changes that can be made in
chamber heat transfer by injector design tailoring without
loss of C* efficiency. The throat and nozzle heat flux
for these three injectors was about the same but the com-
bustion chamber heat flux was greatly different.

The heat flux profile data obtained with the concen-
tric tube injector and the recessed post injector, shown
in Fig. 5, are presented in Fig. 9. These curves show
the axial heat flux profiles along the chamber and the
effect of increasing chamber pressure from 60 psia to
875 psia. This data was obtained with a water-cooled
chamber having a nozzle area ratio of 4:1. During
these tests, the carbon deposition on the chamber walls



was relatively light except in the region near the injector
face where thicker, sooty deposits were formed.

In designing chambers for FLOX/methane, some
difficulty has been experienced in the past in determining
the effect of carbon deposition on heat transfer and sep-
arating this from injector effects. Experimentally
measured overall heat transfer has been generally found
to be less than that theoretically predicted (Qm/Qp) and
the reduction in measured heat transfer has been ac-
credited to carbon deposition. However, recent data
suggests that injector design effects are much more im-
portant than carbon deposition in influencing chamber
heat transfer. This is not only true at design conditions,
but also at off-design conditions, for example, for a
throttling injector at low chamber pressures.

Also, for the case of throttling, attention must be
given to the coolant temperature leaving the chamber,
which tends to rise as the engine is throttled. Previous
studies of cooling limits(6,7) generally concluded that
the limiting operating temperature for methane was
about 1400° F. Operation at temperatures in excess of
this could lead to excessive thermal decomposition in
the coolant channels. This would result in carbon for-
mation and possible plugging or blockage of the channels.
This problem may be avoided by shifting to lower mix~
ture ratios as the engine is throttled.

Thrust Chamber Fabrication

The experimental heat transfer results enumerated
above along with the regenerative cooling studies pointed
out the necessity for development of new methods of
fabricating regenerative thrust chambers. This re-
quirement is brought about by the need for extremely
small coolant passages at the throat station, the need
for close control of the dimensional tolerances of these
passages, and the need for flexibility in passage width
and height along the chamber length.

For the past several years, the Lewis advanced
technology program has encompassed work on advanced
regenerative thrust chamber fabrication methods. The
goals of these programs have been to apply new fabri-
cation techniques that provide the advantages of low cost,
greater flexibility, and shorter build-up time for the
chambers. The resulting chamber designs make use of
coolant channels rather than tubes, are capable of han-
dling high heat flux levels, and make use of high thermal
conductivity materials, such as nickel.

Previous methods of fabrication, such as the use of
brazed assemblies of drawn and tapered stainless steel
tubes, were inadequate. Fig. 10 presents a comparison
of the regenerative cooling limits for tube bundle cham-
bers compared to an advanced coolant channel*™” chamber
for a range of thrust levels. The cooling limit for the
advanced chamber was established by the coolant pres-
sure drop being not greater than one-half of chamber
pressure. For the tubular chamber, the cooling limit
was based upon stress and wall temperature considera~
tions for the smallest size tube ID considered reasonable
(0.040 in.). The advantage of the more advanced fab-

rication method is apparent.

A variety of new fabrication techniques have been
evaluated, including electroforming, chemical milling,
electrodischarge machining, electron beam welding,
vacuum deposition, and diffusion bonding. A large num-
ber of contracts have been placed in this general area of
fabrication methods, which cannot be covered in this
paper. Two specific chamber fabrication procedures
will be discussed which were directly a part of the
FLOX/methane program.

Under contract NAS3-11190, a regenerative thrust
chamber was designed for the operating conditions
listed in Table 1 based on heat transfer data obtained
from the water-cooled thrust chamber tests. This
chamber was built using the thermal skin approach,
which has been }ireviously described in the litera-
ture. 5,6,9,11,12,17) In this fabrication method, the
chamber was built up ag follows:

1. Nickel plates for the inner walls and Inconel 600
plates for the outer walls were photoengraved to obtain
the coolant passages. A typical engraved nickel plate is
shown in Fig. 11.

2. The nickel and Inconel plates are bonded together
by brazing or diffusion bonding while still flat.

3. The nickel/Inconel sandwich is then formed to
the proper shape and contour and trimmed to the proper
dimensions. Fig. 12 shows one such chamber segment
or "'stave' after these operations have been completed.

4. Six of these staves are then assembled together
on a fixture and welded together. The coolant manifolds,
flanges, ‘and a strengthening jacket around the chamber
region are then welded in place to form a complete thrust
chamber.

This chamber fabrication technique has been im-
proved through a series of evaluative regenerative
cooling tests and chamber redesigns. The principal
problems encountered with this technique are that the
welding operations to attach the staves fogether tend to
cause overheating of the braze joint, which causes the
braze to soften and flow, creating unbonded locations
and partial blockage of the outermost channels. To
correct this problem, it was decided to use electron
beam (EB)-welding rather than hand welding to attach
the staves together in the second chamber built. Use of
this process allowed the weld to be completed in one pass
from the outside, produced a very narrow weld bead,
and did not adversely affect the braze joint. Other de-
sign improvements included enlarging the outer coolant
channels to 25 percent greater flow areas than the other
channels to provide overcooling of this area. Also, the
nickel and Inconel plates were joined by diffusion bonding,
rather than brazing, to eliminate the problems of braze
migration, after preliminary tests had been completed
which assured that a satisfactory bond could be ob-
tained. The chambers being fabricated according to the
latest design have not yet been tested and, therefore,
the validity of these improvements has not been proven.

The second type of regenerative chamber fo be dis-
cussed was an electroformed nickel chamber, which
was built under contract NAS3-11191.(7>13) This



chamber was also designed for the conditions given in
Table 1. The chamber was built in two parts: the
combustion chamber and throat section, shown in
Fig. 13, and the high expansion ratio nozzle portion,
shown in Fig. 14. The chamber and nozzle were formed
by electrodeposition of nickel onto mandrels in electro-
lytic baths. The inner wall was deposited to a thickness
great enough to include the hot wall thickness and the
depth of the coolant channel. The piece was then re-
moved from the bath and machined to the correct con-
tour. The coolant channels were machined in place
using a milling machine. The coolant channels were
then filled with wax and the outer wall electroformed
in place. The wax was then removed from the channels.
Welding on of the flanges and manifolds completed fab-

- rication of the chamber.

This thrust chamber was tested several times at
chamber pressures from 200 fo 500 psia and mixture
ratios from 4.0 to 6.0 before any structural faults
were observed. Following a test in which a high mix-
ture ratio cutoff occurred, a blister was observed in
the inner wall in the convergent portion of the nozzle.
Inspection of this area revealed that separation of the
metal had occurred on the outer edge of the ribs. This
was probably due to poor bonding of the outer wall to the
ribs in this area after the wak had been placed in the
coolant channels and electroforming resumed. How-
ever, the chamber had passed a proof pressure test and
the high temperature cutoff evidently exceeded design
limits.

Although some problems have been encountered in
these advanced chamber fabrication programs, much
has been learned about the processes involved and how
to apply them satisfactorily. It is now felt that either
of the processes described above could be developed
into a method of producing chambers quickly and
cheaply in large numbers.

Altitude Performance

Tests have been performed at simulated altitude
exhaust conditions with both water-cooled and
regeneratively-cooled thrust chambers. (9,12,183)

From these tests, data has been obtained on the de-
livered specific impulse and nozzle thrust coefficient
efficiency attainable for the 60:1 expansion ratio noz-
zle. Vacuum specific impulse data is presented in

Fig. 15(a) for the same injectors for which the C*
efficiency data was given in Fig. 4. The data presented
were calculated from measured values of thrust and

flow rates with no corrections applied. . The highest spe-
cific impulse, which was obtained with the unscarfed con-
centric tube injector with the 40-scfm face plate, was
about 396 sec at a mixture ratio of 5.0 to 5.5. The un=~
scarfed concentric tube injector was tested with both the
40-scfm and 100-scfm Rigimesh face plates and the high-
er performance was achieved with the lower porosity face
plate. This data was obtained at a chamber pressure of
500 psia using a chamber L¥* of 52 in.

The calculated nozzle thrust coefficient efficiencies
are shown in Fig. 15(b). The same corrections were

applied to the nozzle performance data as were used for
the C* efficiency data, as previously discussed. The
thrust chamber and nozzle contour for which this data
applies is shown in Fig. 16. ©) The nozzle has a radius
of curvature at the throat equal to the throat radius.
The supersonic nozzle contour was determined using a
method of characteristics solution. The contour cor-
responds to that for a minimum surface area design; it
is an ideal expansion ratio of 110:1 truncated to 60:1. A
nozzle stream thrust coefficient of 97. 3 percent was
computed for the-contour considering divergence, fric-
tion, andtransonic flow nonuniformity. The thrust co-
efficient efficiency data for the three injectors falls in

a band from about 95.5 t0 96.5 percent at a mixture
ratio of 5.25. This would indicate potential nozzle ki-
netic losses of about 0.8 to 1.8 percent at this mixture

ratio.

For a number of years, Lewis has sponsored re-
search in the area of nozzle nonequilibrium perform-
ance. Initially, this work was devoted to hydrogen-
fluorine propellants. Both analytical and experimental
work was accomplished, computer programs were
written, and correlations made between the analytical
predictions and the experimental results forthcoming
from several sources. (19,20,21,22) ppre recently,
the analytical techniques and some of the chemical
reaction rates and mechanisms used in the above pro-
grams have been applied to the space storable propel-
lant combinations. (23,24)

Experimental work has also been done with the
space storable propellants, OFg-BoHg, FLOX-BoHg,
OF9-CHy, and FLOX-CHy to determine the achievable
delivered specific impulse and provide a direct com~-
parison of the performance of these propellants. (26)
This work was done at a chamber pressure of 100 psia
to amplify kinetic effects using both conical and con-
toured nozzles with area ratios of 60:1. These exper-
imental results have been compared to the performance
that would be predicted analytically taking into account
divergence, friction, transonic, heat transfer, and
kinetic losses. A typical result of such comparisons
is shown in Fig. 17(24) which is for FLOX-methane
propellants at a chamber pressure of 100 psia and a
15° conical nozzle having an area ratio of 60. In this
particular example, the experimental results are
within about +1 percent of the theoretical prediction.

In general, the theoretical method provided predictions
that correlated with the bulk of the experimental data
within +2 percent. : :

Based on these results, a NASA Kinetic Perform-
ance Handbook(25) will soon be published which will
present computed kinetic data for calculation of nozzle
performance for several propellant combinations. The
procedures and reaction rate constants will be con-
sistent with those recommended by the ICRPG Per-
formance Standardization Working Group. The NASA
Kinetic Performance Handbook,( 3) when published,
will provide a useful tool for calculation of kinetic
performance at chamber pressures up to 1000 psia.



Ref. 23 provides theoretical kinetic performance
predictions for FLOX-methane at 300 psia chamber pres-
sure and a nozzle area ratio of 40. For these conditions,
this reference predicts about 1.5 percent performance
loss due to nozzle nonequilibrium performance at an
O/F of 5.25. This is consistent with the data presented
in Fig. 15, since the kinetic loss would be somewhat
smaller at higher chamber pressure.

Engine Cycle Studies

A major consideration in the design of a pump-fed
rocket engine is selection of the optimum turbopump
drive cycle. Two parallel studies were initiated in 1968
for the purpose of evaluating the various turbopump drive
cycles and turbomachinery arrangements applicable to a
small FLOX/methane engine, selecting the optimum
cycle, and completing a preliminary design of the
engine, \* "+

Initially, in these studies, heat transfer calculations
were performed for regeneratively cooled thrust cham-
bers for a range of operating conditions. From these
calculations, the methane coolant pressure drop and
temperature rise were predicted based on the use of ad-
vanced thrust chamber designs and fabrication techniques
of the types previously discussed. Based on this infor-
mation, the various cycles were studied for the two de-
sign points listed in Table 2. A mixture ratio of 5.25
was used for the design points rather than the optimum
theoretical O/F of 5.75 because experimental per-
formance peaks at the lower O/F and its use eases the
regenerative cooling design.

The engine turbopump drive cycles studied, shown
in Fig. 18, included the expander, auxiliary heat ex-
changer, gas generator, staged combustion, and cham-
ber tapoff cycles. In these studies, calculations were
made of the performance losses associated with the
cycle.
where the turbine drive gases are dumped overboard
through an auxiliary nozzle or are routed to the main
nozzle at a relatively high area ratio. The engine weight
was calculated for each cycle being considered. The
characteristics of the pumps and turbines were evaluated
for each cycle and for four different turbomachinery
arrangements, as follows: single turbine, gear drive;
single turbine, direct drive; parallel turbines, and
series turbines. The pump discharge pressures, pump
and turbine efficiencies, and rotating speeds were cal-
culated for each case,

Potential engine development problems were eval-
uated for each cycle. One of the more serious problems
that became evident was the use of combustion products
containing HF and free carbon to drive the turbine, such
as would be the case for the gas generator, chamber
tapoff, and staged combustion cycles. Experience with
other engines employing carbon containing turbine drive
gas has taught that partial plugging of the turbine inlet
stator can result. For a small engine of this type,
serious degradation of turbine power would quickly
occur if carbon plated out on the turbine inlet stators,
since the stator height is of the order of 0.20 to 0.25 in.

Such losses occur in the sp-called "'open'! cycles ~

Consideration of this problem narrowed the study to a
more in-depth evaluation of the expander and auxiliary

heat exchanger cycles, both of which employ heated
methane gas to drive the turbine.

Cycle balances were made for these cycles for the
nominal operating conditions and the cycle operation at
off-design point conditions was also evaluated. Table 3
presents some of the principal characteristics of an
expander cycle engine designed for 500 psia chamber
pressure, an O/F of 5.25, and a heat flux ratio of 0.9.
The turbine bypass flow of 25 percent indicates that the
expander cycle power margin is 25 percent. These cal-
culations are for a single turbine, gear drive turbo-
machinery arrangement where the turbine drives the fuel
pump directly at 50,500 rpm and is geared down 2:1 to
drive the oxidizer pump. It is evident from Table 3 that
the cycle power margin is insensitive to changes in the
heat input to the coolant over the range that might result
from injector design changes. Variations in mixture
ratio also would result in relatively small changes in
pump output conditions and power margin. The engine
could be uprated to a chamber pressure of 800 psia,
which would result in an increase in thrust fo about
8000 1b, by increasing the turbine speed to 68,000 rpm,
The power margin would be decreased to 10 percent.
The last column of Table 3 gives the conditions for 10:1
throttled operation.

The auxiliary heat exchanger cycle was also eval-
uated for off-design point operation and it was learned
that an additional flow control valve would be needed for
throttling to bypass flow around the turbine. This is
required because the flow required to cool the nozzle and
the turbine flow required to supply power to the pumps
do not remain matched as the engine is throttled.

Other drawbacks of the auxiliary heat exchanger are
that it provides about 1 percent lower delivered specific
impulse than the expander cycle and, for the same
chamber mixture ratio, the auxiliary heat exchanger
cycle results in a lower engine mixture ratio because
the turbine drive fuel does not pass through the com-
bustion chamber. At the conclusion of the studies, the
expander cycle and the 500 psia chamber pressure de-
sign point were chosen for the engine preliminary de-
signs.

In the two parallel studies made of the turbopump
drive cycles, different approaches were taken for the
turbomachinery arrangement for the expander cycle
engine. In one case, separate parallel turbines were
selected to drive the fuel and oxidizer pumps, and in the
second case, a single turbine with gear drive was se-
lected. The parallel turbine approach is depicted in
Fig. 19. In this arrangement, a bypass valve is used
to route methane flow around the turbines, thereby
providing thrust control. A throttling control valve in
the oxidizer turbine feed line provides control of mix-
ture ratio. This arrangement provides greater flex-
ibility for turbopump control during startup and shut-
down and for off-design point operation. However, it
hag the disadvantage that for low NPSH operation, the
oxidizer turbopump speed must be relatively low, which
compromises the turbine efficiency.



In the single turbine, gear drive arrangement,

thrust control is obtained by the use of a bypass valve
to route flow around the turbine and O/F control is ob~
tained by the use of a throttling control valve in the
oxidizer line between the pump and the injector. The

. advantages of the single turbine, gear drive arrangement
are that it allows optimization of the oxidizer pump
speed independent of the turbine speed required, and
provides a light weight, compact turbomachinery pack-
age. Its advantages are the loss of flexibility during off-
design operation imposed by mechanical linking of the
pumps and the added requirement for development of a
reliable gear train. ’

Turbomachinery

One of the principal prerequisites to development of
a small, pump-fed FLOX/methane engine was known to
be the development of technology for the turbomachinery.
Some of the unusual characteristics of the turbomachines
for this application ave their small size, making high
efficiency difficult to realize, and the requirement for
an oxidizer pump for 82.6 percent FLOX. For the latter
requirement, a great deal of experience has been gained
from the program for application of hydrogen-fluorine
propellants to the RL10 engine. (27,28) ynder these con-
tracts and in tests conducted in-house at Lewis, (29, 30)
an extensive investigation was made of seal materials
for fluorine pumps. The fluorine pump shaft seal pack-
age design is shown in Fig. 20, which is a cross-
sectional view of the RL10A-3-3 oxidizer pump, as mod-
ified for fluorine service. The seal package design that
was devised to separate the liquid fluorine at the impeller
back face from the gear box (which contains fuel) con-
sists of four seals with a vent between the No. 1 (LF3)
seal and No. 2 seal, a helium dam between the No. 2 and
No. 3 (intermediate) seals, and a vent between the No. 3
and No. 4 (gearbox) seals. The carbon seals that were .
normally used were unsuitable for use in the first 3 seal
locations because the carbon would react with fluorine,
and substitute materials were necessary. A total of five
seal material combinations were evaluated for the No. 1
seal (LFg seal) and five combinations for the intermediate
seals. Seal rig and liquid fluorine pump tests were con-
ducted at various speeds and loads to evaluate the com-
patibility, wear rates, and resistance to thermal cycling
of the various materials. The best materials for the
liquid fluorine seal were a titanium carbide-nickel
cermet (Kentanium K162B) seal plate and nose piece.
For the intermediate seals, the best materials were
solid aluminum oxide rubbing against a K162B seal plate.
These materials were successfully employed in the
fluorine pump for all of the hydrogen-fluorine RL10
engine firings under contract NAS3-7991 without incident.
They were also designated for the FLOX pump prelim-
~ inary designs for the 5000-~1b thrust FLOX-methane :
engine in the two previously mentioned parallel contracts.
A preliminary design of the turbopump package from one
of these studies is shown in Fig. 21. The turbopump
consists of a two-stage centrifugal liquid methane pump
which is driven directly by a single stage partial ad-
mission impulse turbine, and a single stage centrifugal
FLOX pump that is geared from the fuel pump-turbine
shaft through an idler at a gear reduction of 2:1. The"

turbomachines required for the engin